Introduction
Retaining walls of various constructions are often anchored. Anchored walls are usually more economical and of greater heights, unobtainable without reinforcement with anchors, than classical cantilever walls [1] [2] [3] [4] . The anchoring element may be, as often used by engineers, a cylindrical concrete block situated at a certain distance from the wall. The cylindrical concrete block may be constructed from precast concrete tubes filled with concrete.
This paper provides finite element analysis [5] of the ultimate pullout capacity acting at different heights of the cylindrical block. The point of force application significantly influences the geometry of the failure zone in soil surrounding the block and the ultimate pullout force value. The ultimate pullout capacity of the plate anchors, essential in engineering, has been tested both experimentally [6, 7] and theoretically [8] [9] [10] [11] [12] [13] . The tests, however, concerned the ultimate pullout capacity of the plate anchors moving without rotation in the direction of the acting force. The paper presents results of the computational ultimate pullout capacity analyses of the cylindrical block rotating during displacement. The relationships between the anchoring block's dimensions, depth of embedment, points of pullout force application and pullout capacity have been shown. It has been proved that the location of the force applied to the cylinder has influence on its resistance.
Problem description
Anchors provide additional support to the upper part of an embedded wall. In that kind of wall, its base is embedded in the natural ground below the excavation bottom or the original ground level. In the most traditional sense, the anchor can be made up of an anchor block attached to a retaining wall with a tendon. After the anchors have been constructed, the ground is re-profiled with backfill. A pre-formed wall where there is no excavation during wall construction is shown in Fig. 1 . Such a solution was proposed for the extension of the terrain surrounding the newly constructed warehouse. Fig. 2 presents the natural slope in the vicinity of the warehouse under construction and the completed lower part of the retaining wall. The natural ground in the slope is made of non-cohesive soils like fine and medium sand with local addition of coarse gravel in medium dense and dense state. Determination of pullout resistance was an integral and crucial part of the design.
A cylindrical block of diameter D and height H is embedded in sand at a depth z, below the horizontal soil level with no additional load (Fig. 3) . It is assumed that the block is dragged horizontally by one horizontal, entirely flexible tendon. The tendon is attached at a distance h, below the block's top surface.
The horizontal ground surface is not loaded. The elastic -perfectly plastic Mohr-Coulomb model was assumed for the sand surrounding the block and the linear elastic model for concrete of the anchor block. The parameters of both models are listed in Table 1 .
Volume changes of soil at yielding are reflected by the value of dilatancy angle y. Different behaviours of soil during shearing were taken into account in calculations by assuming incompressible yielding with y = 0°, as well as the increase in volume with y = 5° and 10°. The influence of dilatancy angle on ultimate pullout capacity was tested.
Initial stress state before the application of the pullout force is given by z 
Thus, the soil is assumed to be in a dry state. Two thicknesses of the soil layer over the top of the block z 0 = 1 m and 2 m were considered in calculations. In FE models the following contact conditions between the block and the soil were taken into account: full contact with no interface elements on the block's surface as well as sliding and separation due to interface elements [14, 15] between the block and the soil, with friction angle related to the internal friction angle of sand F = 34°:
The cylindrical block is treated as a very strong element; thus, it is assumed to be described by linear elasticity.
Finite element model and boundary conditions
The three-dimensional model of the soil mass in which the concrete block is embedded is shown in Fig. 4 . The discretization of the domain considered was done with 3D isoparametric elements with the 1 st order interpolation function [5] . The block was located centrally in the analysed soil mass. Nodes of the elements along boundaries of the analysed region were supported in the usual manner to restrain horizontal translations on the vertical boundaries and both horizontal and vertical translations on the bottom boundary plane.
Several variants of the geometric model have been considered. They differed in the size of the whole model as well as the size of elements. To enable any possible failure mechanism in the sand to develop and to avoid any influence of the outer boundary, the models had to be extended beyond the reach of the passive pressure developed in front of the anchor block as the tendon pulls against it. In the case of embedment z o = 2 m and for friction angle 34° the range of the passive zone is 9.40 m (Fig. 5) . For a shallower embedment, the range is correspondingly smaller.
In FE model, the mesh refinement is required in zones of high displacement gradients. It has been noticed that the size of elements discretizing zone surrounding the anchor block affects the resulting ultimate resistance. The finer the mesh, the lower the resistance of the block was. After a few trial discretizations, the calculated ultimate resistance converged to a value that did not change any more. This final discretization was chosen for further analysis.
Finally, for the cylindrical block of diameter D = 1.0 m, height H = 3.0 m, the following model dimensions were adopted: L x = 25 m, L y = 15 m and L z = 10 m. The meshes contained up to 31,500 finite elements and possessed over 90,000 degrees of freedom.
The simulation of the process of pulling the block was done by assuming a kinematic boundary condition for one node on the surface of the block. This node represents the point of attachment of the tendon. The horizontal displacement of the node increased to a total value of 0.80 m in increments of 0.01 cm. The nodal force increases after each displacement increment. It was found that the applied displacement of 0.8 m is sufficient for reaching the ultimate value of pulling force (the bearing capacity of the block). 
Finite element analysis
In the analysis, both full contact of sand with the concrete block and sliding on block's surface was assumed. With the use of computer program Z_Soil, the value of the horizontal ultimate force pulling out the cylindrical concrete block was calculated. The ultimate force was determined based on the diagram of the 'forcedisplacement' relationship. For elastic -perfectly plastic Mohr-Coulomb model the 'force-displacement' curve increases monotonically to the ultimate value. In Fig.  6 , there are five curves corresponding to the increasing pullout force for the case of the block without contact elements. In Fig. 7 , there are curves obtained for the model with contact elements of different friction angles 0°, 1/3F, 2/3F, F and the location of imposing horizontal displacement 2 m below the block's top.
The computations were carried out for z o = 1 and 2 m, while h = 0.5; 1.0; 1.5; 2.0; 2.5 m. For h < 2 m, the cylindrical concrete block pulled out by the horizontal force displaced in the direction of the force rotated clockwise, whereas for h ≥ 2.0 m during the displacement it rotated anti-clockwise. It is crucial to notice that when h = 2.0 m, the block's rotation was minimized during pull out. The block's displacement, the mesh deformation surrounding the block in the plane of symmetry y = 0 and the value of the ultimate force (F = F ult ) are shown in Fig. 8 for h = 0.5 m and 2.0 m.
The value of ultimate pullout force differs significantly depending on the place of its action. Fig. 9 shows the values of ultimate force for the thickness of overburden layer z o = 1 m, different contact conditions and varying dilatancy at yielding. Similar results for z o = 2 m are presented in Fig. 10 .
The block embedment significantly affects the value of the ultimate force. For the overburden thickness z o = 1.0 m, the pullout force is approximately 60% of the force calculated for embedment z o = 2.0 m.
The ultimate pullout force increases with the increase of the dilatancy angle y. This trend explains the increase of the block's resistance with the compaction of sand surrounding the block. The higher the compaction, the higher is y for the same critical value of friction angle [17] [18] [19] [20] .
In each considered case, the maximum ultimate value of the horizontal force pulling out the block was achieved for h = 2.0 m, which is 2/3 of block's height. This is the location of the pulling force for which rotation is minimized and the block mainly translates in the direction of the acting force. This finding confirms the recommendation given in [21] that the tendon or tie-rod connection to the anchor block should be located at the place where the resultant earth pressure is acting. The clockwise rotation of the block (h < 2.0m) significantly reduces the pullout force. As can be seen from Figs 9 and 10, extreme values of the ultimate force were calculated for the full contact (no interface elements) and contact friction angle d = 0° and for the force location h = 0.5 m (the minimum ultimate force) and 2.0 m (the maximum ultimate force). Hence, when designing cylindrical block anchors, it is very important to eliminate the block's Tables 2 and 3 .
The highest values of the ultimate force for all h were obtained for the block without contact elements. When sliding and separation is possible by the application of contact elements, the value of ultimate force decrease. The lower the friction angle for contact elements, the lower is the resistance of the block. For a higher dilatancy angle, the drop of ultimate force from the value for block without contact elements to the value for perfectly smooth block (d = 0°) is higher. Nevertheless, when the values of ultimate force are compared for the same contact friction, higher force accompanies higher dilatancy angle.
Analytical formulation
The scheme of horizontal components of the soil pressures acting on the cylindrical block moving in the x direction is shown in Fig. 11 .
The horizontal components of the soil pressures may be calculated from the formulae: 
where m a and m p are coefficients of influence of the cylindrical block shape and its embedment obtained from model tests and statistical calculations [2] , whereas K an and K pn are coefficients of the normal active and passive pressures on the retaining wall respectively [16] . For the vertical block, these are the horizontal components of soil pressures. The values of coefficients m a and m p are given in Table 4 
where the angles m t , m w and n are calculated from equations: 
In (5) - (8) F and d are given in radians. Upper signs should be used for calculating passive pressure and lower signs for calculating active pressure [16] .
Values of K pn and K an are given in Table 5 . As the active pressure is much lower than passive pressure, it can be neglected in engineering estimations.
Due to the non-linear relationship between the coefficient m p and z/D, the distribution of passive pressure is also non-linear. Assuming linear distribution of pressures over the height of the block, we can make a safe estimation and easily calculate the resultant horizontal component E ph of passive pressure acting on the block, which is approximately equal to the ultimate value of the horizontal force pulling out the block. Value of E ph is obtained in a usual manner by integrating the passive pressure over the height of the block, which, in case of the linear distribution between e p1 at the top and e p2 at the bottom of the block, is the area of a trapezoid of height H.
Comparison of ultimate forces obtained from the finite element calculations for the most conservative case of incompressible plastic flow (y = 0) with analytical results reveals that the analytical method recommended in [22] yields significantly lower forces for all considered contact friction, which makes the analytical prediction very conservative. Detailed comparison is given in Table 8 .
The resultant passive pressure is situated at the distance of 1.88 m for z o = 1.0 m and 1.80 m for z o = 2.0 m from the top of the block. Thus, the presented engineering approximation can be used only for blocks of small embedment [2] without vertical displacement in soil. 
Conclusions
The ultimate value of the cylindrical pulled out block depends on its dimensions, depth of embedment and points of pullout force application. The maximum resistance of a single block is acquired when the block is displaced horizontally without rotation. Significantly smaller resistance is acquired when the block rotates during displacement. By making use of formulae accessible in the literature, we can only find solution to the cylindrical block displacement without rotation, and the pullout resistance is at least 24% smaller than the resistance calculated numerically.
Having introduced the contact elements with friction angle d = F in the finite element program, the resulting ultimate pullout force decreases with respect to the models without contact elements.
The analysis shows that when designing cylindrical concrete anchors, it is absolutely necessary to ensure block displacement without rotation. This kind of displacement is easiest to acquire by the application of two horizontal flexible tendons attached to the block.
